High frequency (> 200 GHz) gyrotrons are potentially useful for several important applications, including plasma heating and radar.
ABSTRACT
High frequency (> 200 GHz) gyrotrons are potentially useful for several important applications, including plasma heating and radar.
For electron cyclotron resonance heating of a moderate-size, high power density tokamak power reactor to ignition temperatures, a gyrotron frequency around 200 GHz appears to be necessary. The design of high frequency gyrotrons is discussed. Analysis of overall gyrotron efficiency indicates that high efficiency may be obtained in fundamental electron cyclotron frequency (wc) emission at high frequencies.
The linear theory of a gyrotron operating at the fundamental frequency is derived for the TE modes of a right circular cylinder cavity. An analytic expression is given for the oscillator threshold or starting current vs. magnetic field.
I. INTRODUCTION
Gyrotrons are a specific version of the electron cyclotron resonance maser (CRM) developed in the Soviet Union by A.V. Gaponov and coworkers [1-3] in the 1960's. A CRM is a fast wave interaction electron beam tube which operates in a strong magnetic field and emits radiation at the electron cyclotron frequency, wc, or its harmonics.
Special features of the gyrotron include a cylindrically symmetric, temperature limited, magnetron injection type electron gun and a "quasi-optical" cavity which is relatively large compared to a wavelength (of order 2A -5X in diameter by 5X -20X long). Because of the relatively large cavity, gyrotrons are useful in generating high power at wavelengths in the millimeter and submillimeter range. Powers of 22 kW, CW at 150 GHz, 1.5 kW, CW at 326 GHz and 1.1 MW, pulsed at 100 GHz have been achieved [3, 4] . Gyrotrons should prove useful in several applications, including heating of magnetically confined plasmas at electron cyclotron resonance and high frequency radar. For this case, the average plasma a, which is defined as the thermal/ magnetic pressure ratio, is limited to less than 3.9% for a central temperature below 15 keV. For extraordinary wave heating at 2wC'
higher a operation (up to 7.8%) is allowed relative to ordinary wave heating at wc, and the tokamak toroidal magnetic field requirement is lowered (by about /I2) but higher gyrotron frequencies (by about '2)
are then needed.
We have found that a complete design of a high frequency gyrotron oscillator can be carried out using a combination of analytic expressions and numerical results primarily derived from the Soviet literature [7] .
The design utilizes an adiabatic electron gun theory In the present discussion, we concentrate on one aspect of gyrotron design, namely the evaluation of the overall gyrotron efficiency,
Il.
Using our model where TI is the efficiency for converting transverse energy of the electron beam into electromagnetic energy inside the gyrotron cavity.
The theory used for calculating il is that of Nusinovich and Erm [11] as modified in Gaponov et al. [10] . This theory assumes a Gaussian RF where, for the cavity shape assumed, K is between 2 and 3 9].
With the above assumptions and procedure, the overall efficiency, 11, may be calculated as a function of wavelength, X, and of cavity length, L.
For each X, L was varied to optimize n. These optimized values are plotted in Fig. 1 . Both fundamental and second harmonic emission were treated, and both the ideal QOM and the value 0.75 QOM were used, marked "minimum" and "realistic" losses, respectively.
The existence of an optimum length L may be explzined qualitatively as follows. For very small lengths, I and are small and the interaction between the electron beam and cavity field is weak.
A small value of iL is obtained and hence a small value of n. As L in- and cavity -modes that, although not identical to those used here, are roughly equivalent. However, the cavity profile is not specified in Ref. [4] . The above equation was compared to Hirshfield's result [2] and found to reduce to his expression for the TE 011 mode, except for a factor of two [14] . Agreement is found in the weakly relativistic limit with results presented by Symons and Jory [15] for the TE 01 q mode. Chu [16] has recently solved this problem for the TE 0 pq modes (i.e. m = 0) using a fully relativistic approach. By comparing his expression with our equation, it is found that using the fully relativistic approach introduces rather small changes as long as the beam voltage is low and the device operates at the fundamental frequency. For example, if we assume w = 1.5 u, the present weakly relativistic expression agrees with the fully relativistic expression within 9% for a beam energy of 30 keV or less and to within 18% for a beam energy of 60 keV or less. This level of accuracy should be satisfactory for most purposes since the present calculations are idealized in two major respects. First, the sinusoidal distribution of RF field along the magnetic axis, which is assumed in 
